The subcellular localization and maturation of starch phosphorylase (EC 2.4.1.1) was studied in developing potato tubers. The enzyme is localized inside the stroma of amyloplasts in young tubers, whereas in mature tubers it is found within the cytoplasm in the immediate vicinity of the plastids. A phosphorylase cDNA clone was isolated and used in RNA gel blot experiments to demonstrate that phosphorylase mRNAs are of the same size and abundance in both young and mature tubers. In vitro translation of mRNAs followed by immunoprecipitation with a phosphorylase antiserum indicates that the enzyme is synthesized as a higher molecular weight precursor in both young and mature tubers. The presence of a transit peptide at the N terminus of the protein was confirmed by the sequencing of the phosphorylase cDNA clone. The transit peptide has severa1 structural features common to transit peptides of chloroplast proteins but contains a surprisingly large number of histidine residues. The mature form of the enzyme is present in both young and mature tubers, suggesting that a similar processing of the transit peptide may take place in two different subcellular locations.
INTRODUCTION
Phosphorylase catalyses the reversible phosphorolysis of a-l,4-glucans. This enzyme is widely distributed in both plant and animal tissues and has been isolated and characterized from various sources. All phosphorylases exist as dimers or tetramers of identical subunits and have similar kinetic and structural properties, but their regulatory mechanisms may vary depending on the source of the enzyme. For example, rabbit muscle phosphorylase activity is regulated by both allosteric (e.g., AMP) and covalent controls, whereas the potato enzyme exists only in the active form and is unaffected by AMP (Lee, 1960) . Phosphorylases from animal sources act on cytoplasmic granular glycogen and have a low affinity for amylose and maltodextrins. By contrast, glycogen is a poor substrate for plant phosphorylases (Smith, 1971) , which degrade starch stored in chloroplasts and amyloplasts.
The complete amino acid sequence of potato tuber phosphorylase has been determined (Nakano and Fukui, 1986) ; the monomer of this enzyme contains 916 amino acids and has a molecular weight of 103,916, The amino acid sequence of potato phosphorylase presents 51 O/O and 40% of positional identities with the rabbit muscle ano Escherichia coli enzymes, respectively. Unique to the plant protein, however, is an insertion of 78 mostly hydrophilic amino acid residues situated in a near-central position in the protein sequence. Despite this extra peptide in the plant enzyme, the modeling of the potato sequence to the ' To whom correspondence should be addressed known three-dimensional structure of the rabbit muscle protein suggests that the two enzymes adopt a similar tertiary structure (Nakano and Fukui, 1986) .
Although much work has been done on the structural and kinetic properties of plant phosphorylases (for review, see Fukui, 1983) , little attention has been paid to the expression of their genes and the distribution of the enzymes in plant tissues. Given the important role of starch phosphorylase in the plant carbohydrate metabolism and the fact that its activity is not regulated by covalent or allosteric factors, it is important to investigate the abundance and subcellular localization of the enzyme throughout the development of the plant. In this paper we show that starch phosphorylase is present in all stages of development in potato tubers. Our results indicate that the enzyme is nuclear-encoded, synthesized as a precursor containing a transit peptide, and that, in young tubers, it is localized exclusively in the amyloplast stroma. By contrast, in mature tubers, phosphorylase is found in the cell cytoplasm. However, in both cases the precursor form is matured into the 105-kD monomer.
RESULTS

Accumulation of Phosphorylase in Potato Tubers
Phosphorylase purified from mature potato tubers was analyzed by SDS-polyacrylamide gel electrophoresis. As shown in Figure 1 A, one major band corresponding to the enzyme monomer (105 kD) was detected, as well as at least three other bands of smaller molecular weight. These small polypeptides were always observed to be associated with the purified enzyme, and the sum of the molecular weights of the two small main bands (55 kD and 48 kD) corresponds approximately to that of the 105-kD phosphorylase monomer. When an antiphosphorylase antibody raised against the purified enzyme monomer was used to probe the purified enzyme preparation or protein extracts from mature tubers, a positive signal was obtained not only with the 105-kD monomer but also with the low molecular weight polypeptides (Figure 1 , B and C, respectively). Several researchers (Iwata and Fukui, 1973; Schneider, Becker, and Volkmann, 1981) have reported a partial proteolysis of potato starch phosphorylase. Thus, it is likely that the small immunoreactive peptides seen in Figure 1 , B and C, correspond to products of a limited proteolysis of the enzyme. The antibody was used as well to determine the extent of accumulation of the enzyme in potato tubers harvested at various stages of development. In very young tubers, only the intact phosphorylase monomer was present (Figure 1E) , whereas the smaller products observed in the purified enzyme preparation appeared progressively at later stages of tuber maturation (Figure 1 D, young tubers, and Figure 1C , mature tubers). Phosphorylase represents approximately the same proportion of total protein at all stages of tuber maturation (Figure 1 , C to E).
Immunocytological Localization of Phosphorylase in Tuber Cells
Thin sections were prepared from the medullary portion of very young and mature tubers and fixed with either osmium tetroxide or glutaraldehyde. Figure 2A shows a thin section of a very young tuber fixed in osmium tetroxide but not treated with the antibody. With this method of fixation, membranes are well defined and organelles are easily identified. Figure 2B shows a thin section from the same tissue fixed in glutaraldehyde and treated with the antiphosphorylase antibody. Phosphorylase is localized within the plastid stroma and is not detected elsewhere in these cells. The occasional occurrence of gold particles on the starch grain could be accounted for by the entrapment of phosphorylase (Schneider et al., 1981) . Indeed, it is known that proteins are precipitated onto the grain and included at random in the starch during its synthesis (Smith, Smith, and Goldstein, 1968) .
In contrast to very young tubers, mature tubers possess very large starch grains and well-developed vacuoles. In these cells the cytoplasm generally forms a thin layer around the amyloplast. Mitochondria are often visible in the cytoplasm, near the amyloplast membrane (Figures 3A and 3B, fixed with osmium tetroxide). In mature tubers, phosphorylase is localized in cytoplasmic regions immediately surrounding the amyloplast, and the enzyme is not detected in the plastid stroma ( Figures 3C, and 3D , reacted with the antibody) or in cytoplasmic regions not in contact with the amyloplast membrane (not shown). Control experiments performed with pre-immune serum show no labeling.
In Vitro Translation of Phosphorylase mRNA
To verify whether phosphorylase is synthesized as a precursor, polysomal poly(A) + mRNAs from very young and mature tubers were isolated and translated in a rabbit reticulocyte lysate system. Phosphorylase mRNA translation products were immunoprecipitated with the antiphosphorylase antibody and analyzed by SDS-polyacrylamide gel electrophoresis. (A) and mature (B) tubers run in parallel with purified Phosphorylase (C). The slower migration of the translation products as compared with that of the in vivo monomer (Figure 4, arrows) indicates that phosphorylase is synthesized as a precursor containing a 7-kD extra sequence in both young and mature tubers. Control experiments using heterologous mRNAs or a pre-immune antiserum showed no immunoprecipitated products (not shown).
acids (5 Arg, 3 Lys, and 5 His) but no acidic residues or large hydrophobic sequences. The size predicted for the transit peptide (5862 D) compares to that estimated (7 kD) for immunoprecipitated products as presented in Figure 4 . Figure 6 shows that the phosphorylase cDNA clone pSTPS hybridizes to an mRNA of 3200 nucleotides present in
Phosphorylase mRNAs
cONA Sequencing Two polyphorylase cDNA clones synthesized from mature tuber poly(A) + mRNA were characterized and found to be identical in sequence, but one had a longer 5' leader region. The sequence of the 5' end of the longer clone and its deduced amino acid sequence are shown in Figure  5 . The arrow indicates the threonine residue which corresponds to the N-terminal amino acid of the purified potato tuber phosphorylase (Nakano and Fukui, 1986) . Starting from this threonine residue, the amino acid sequence deduced from the cDNA clone is identical to that of the mature protein. No methionine is immediately vicinal to the threonine residue. The nearest upstream methionine residue is separated from the N terminus threonine by a 50-amino acid sequence possessing several features common to transit peptides of chloroplast proteins (Schmidt and Mishkind, 1986 ). This sequence is rich in hydrophilic residues, as it contains 7 Ser and 5 Thr, representing 14% and 10% of the transit peptide amino acid contents. The transit sequence also contains 13 positively charged amino Cross-reactivity of the phosphorylase antibody with the small polypeptides (Figure 1 ) suggests that these are degradation products of the enzyme. This observation confirms previous work indicating that potato phosphorylase is subjected to a limited proteolysis (Iwata and Fukui, 1973; Schneider et al., 1981) , which does not significantly affect its activity (Iwata and Fukui, 1973) . However, as shown in Figure 1E , no phosphorylase degradation products were found in extracts from very young tubers; degradation was detectable only in older tissues and was maximal in fully grown tubers. Furthermore, the extent of degradation could not be reduced by modifying the extraction procedure or by using combinations of various protease inhibitors, again suggesting that proteolysis occurs in vivo and is not an artifact of the isolation procedure. However, one cannot rule out completely the possibility that degradation occurs in vitro by proteases produced late in tuber development. The subcellular localization of phosphorylase was observed to be age-dependent; in young tubers, all of the enzyme was contained within the amyloplast stroma, whereas the phosphorylase of mature tubers was not stromal but cytoplasmic (Figures 2 and 3) . It is known that the import into plastids of a nuclear-encoded protein requires that this protein be synthesized as a precursor with an N-terminal "transit" peptide. This presequence is subsequently removed inside the organelle by proteolytic cleavage to produce a mature protein (for reviews, see Schmidt and Mishkind, 1986; Della-Cioppa et al., 1987) . Since potato phosphorylase is nuclear-encoded (Figure 7) , results from Figure 2 suggest that, at least in young tubers, tubers of all developmental stages tested. No significant differences were observed in the size or accumulation levels of phosphorylase mRNAs between very young (Figure 6A ) and older tubers ( Figure 6 , B and C).
DMA Gel Blot Analysis
To determine whether starch phosphorylase is nuclearencoded, the pSTPS cDNA clone was allowed to hybridize with nuclear or plastid DNA. As shown in Figure 7 , a strong hybridization signal was detected with undigested and EcoRI-digested nuclear DNA, but not with plastid DNA, indicating that potato starch phosphorylase is nuclearencoded. the enzyme is synthesized as a precursor. A comparison of the molecular weight of in vitro translation products for young and mature tubers revealed that, in both tissues, the monomer of phosphorylase is synthesized as a precursor of 112 kD (Figure 4 ). However, since phosphorylase is not present within the amyloplasts of mature tubers, we investigated the 5' region of two phosphorylase cDNA clones prepared from mature tuber mRNAs for the presence of a transit sequence-like region. Comparison of the amino acid sequence deduced from the cDNA clones with that of the mature enzyme revealed the presence of a 50-amino acid N-terminal region sharing hydrophilicity and charge characteristics with chloroplastic transit sequences ( Figure 5 ) (see Schmidt and Mishkind, 1986) . This finding confirmed that phosphorylase is synthesized as a precursor in mature tubers, although it is not found inside the amyloplasts at that stage of development. Several plant enzymes have been reported to exist in cytoplasm and plastid-specific forms, among which are leucyl-tRNA synthase (Dietrich et al., 1983) , triose-phosphate isomerase (Kurzok and Feierabend, 1984) , glyceraldehyde-3-phosphate dehydrogenase (Cerff and Kloppstech, 1982) , and spinach starch phosphorylase (Steup and Schachtele, 1986) . In all cases, the two forms of these enzymes present no immunological cross-reactivity. In addition, the spinach phosphorylase isozymes not only have different molecular weights but display different tryptic peptide patterns. In the present study, we believe that the phosphorylase found in young and mature tubers is the same enzyme, since in both tissues the monomer has the same molecular weight, reacts with the same antibody, and is encoded for by an mRNA of 3.2 kb. Furthermore, the mRNA from young and mature tubers hybridizes to the same phosphorylase cDNA clone ( Figure 6 ) and produces an immunoprecipitated in vitro translation product of 112 kD, which suggests that phosphorylase from both developmental stages possesses a transit peptide.
A notable feature of the phosphorylase transit peptide lies in its large number of histidine residues. There are 5 histidine residues, representing 10% of transit peptide amino acids, compared with 1.8% in the mature protein.
Histidine residues are extremely rare in the chloroplastic transit sequences reported to date and therefore the significance of their abundance here is intriguing, especially in view of the fact that the charge of histidine changes at pH 6.0. Although it can be hypothesized that amyloplast import could be influenced by cytoplasmic pH, there is nevertheless in the transit peptide a large number of positive residues whose charge will not vary at that pH.
It is particularly interesting to note that phosphorylase in mature tubers is detected only in the cytoplasm surrounding the amyloplast but not elsewhere in the cell. This suggests that the cytoplasmic precursor enzyme may be targeted to the amyloplast but, for reasons as yet undetermined, cannot be transported across the double membrane. Among the hypothetical factors that could explain this absence of transport are a depletion of ATP in amy-N C -15.0kb >-9.4 kb * 2.6kb Undigested nuclear potato DNA (N), nuclear DNA digested with EcoRI (N/E), and chloroplast DNA (C) were probed with the pSTP3 phosphorylase cDNA clone. Each lane contained 3 ng of DNA.
loplasts of mature tubers (see Dizengremel, 1985) or the degradation of import receptors similar to those reported in chloroplasts for the small subunit of ribulose-l,5-bisphosphate carboxylase (Pain, Kanwar, and Blobel, 1988) . Since the precursor form does not accumulate in mature tubers where phosphorylase is cytoplasmic (see Figure 1 , B and C), we speculate that a protease can cleave the exposed transit sequence of the enzyme in the cytoplasm and produce the final 105-kD monomer. It is indeed known that the signal sequence of a folded precursor can be selectively removed by proteolytic treatment in vitro (Randall and Hardy, 1986) . A simultaneous action by the same or other cytoplasmic proteases could nick some exposed sites on the folded protein, producing the degradation products that are observed in mature tubers (Figure 1 , A to C). It must be noted, however, that it is not possible at present to ascertain whether the differential compartmentation of phosphorylase is due to an inhibition of import, as suggested above, or whether it could be due to a secretion or leakage of the enzyme from the mature amyloplast to the surrounding cytoplasm.
It is tempting to speculate that the age-related differentia1 compartmentation of phosphorylase in tuber cells is potentially a control mechanism for the regulation of the activity of phosphorylase, an enzyme known to be always present in the active form (Fukui, 1983) . When located inside the amyloplast stroma of young tubers, which are actively involved in starch synthesis, phosphorylase could play a synthetic role using glucose 1-phosphate as substrate to synthesize starch, or alternately, act catabolically on the growing starch grain to provide glucan primers for starch synthase (Hawker, Marschner, and Krauss, 1979) . In mature tubers where starch accumulation is completed, compartmentation of the phosphorylase enzyme away from its substrate would maintain a metabolic status quo. Indeed, the massive starch degradation that eventually takes place in senescent tubers has been related to the disappearance of the double membrane of the amyloplast (Isherwood, 1976; Schneider et al., 1981; and our unpublished results) and would therefore agree with this compartmentation hypothesis.
METHODS
Plant Material
Potato tubers (Solanum tuberosum L. cv "Kennebec") were obtained from the Quebec Ministry of Agriculture "Les Buissons" research station or grown from mature tubers of the same cultivar in a growth chamber. Very young (0.5 to 1 g, fresh weight) and young (5 to 10 g, fresh weight) tubers were used immediately after harvesting. Mature tubers (a50 g, fresh weight) were used immediately after harvesting or after storage (no longer than 6 months) at 4°C in the dark.
Protein Extraction and Enzyme Assays
Starch phosphorylase was purified to homogeneity from mature tubers according to the procedure of Kamogawa, Fukui, and Nikuni (1968) . When the enzyme was to be used for antibody production, the purified phosphorylase was subjected to electrophoresis on a preparative 10% SDS-polyacrylamide gel (Laemmli, 1970) and the intact monomer was isolated. This step was used to remove phosphorylase degradation products. For protein gel blot analysis, crude protein extracts were prepared by homogenizing 1 g (fresh weight) of tuber tissue in a mortar at 4°C with 2.5 ml of homogenization buffer (10 mM Tris-HCI, pH 7.4, 1.5% Nonidet P40, 0.1 mM phenylmethylsulfonyl fluoride, and 0.05% sodium bisulfite). Samples were centrifuged twice at 14,OOOg at 4°C for 5 min to eliminate starch particles, and one volume of 2x sample buffer (Laemmli, 1970) was added to the supernatant before loading on gels. Alternatively, tissues were ground directly in the sample buffer, boiled immediately for 10 min, and then centrifuged at 14,OOOg for 5 min, and the supernatant was used for gel electrophoresis. Phosphorylase activity was measured as described by Parvín and Smith (1969) .
Antibody Preparation and Protein Gel Blot Analysis
An antiserum was prepared by immunizing female New Zealand White rabbits with the 105-kD phosphorylase monomer purified as described above. For protein gel blot analysis, equal amounts of protein from tubers of various ages were applied to a 10% SDS-polyacrylamide gel and run for 5 hr at 35 mA. Proteins were transferred electrophoretically onto nitrocellulose paper (Towbin, Staehelin, and Gordon, 1979) , and after equilibration for 3 hr in 200 ml of BSA buffer (25 mM Tris-HCI, pH 8.0, 150 mM NaCI, 0.2% Triton X-1 00, and 3% BSA), the paper was incubated with phosphorylase antibody in 200 ml of 25 mM Tris-HCI, pH 8.0, 150 mM NaCI, and 1% Triton X-100 for 1 hr at 23%. The paper was washed five times for 5 min in PBS, pH 7.5, containing 0.1% Tween 20, followed by reaction with biotinylated goat anti-rabbit IgG antibodies (Amersham) for 1 hr in the same solution but containing 1 % BSA. The paper was finally washed five times for 5 min in PBS-Tween and incubated with horseradish peroxidasestreptavidin complex (Amersham) for 1 hr. Bands were revealed by treatment with diaminobenzidine and nickel (Adams, 1981) .
In Vitro Translation and lmmunoprecipitation
Poly(A)+ mRNAs were prepared as described (Marineau, Matton, and Brisson, 1987) and translated (5 Fg) in the presence of 150 &i of ~-~'S-methionine (1470 Ci/mmol, Amersham) in a rabbit reticulocyte lysate (Pelham and Jackson, 1976) . Phosphorylase mRNA translation products were immunoprecipitated (Tomura and Koshiba, 1985) using the phosphorylase antiserum and analyzed on a 10% SDS-polyacrylamide gel followed by fluorography. Control experiments were conducted with heterologous RNAs or with a pre-immune serum.
cDNA Synthesis and Nucleotide Sequence Analysis
Double-stranded cDNAs were prepared from mature potato tuber poly(A)+ mRNAs according to the procedure of Gubler and Hoff-man (1983) using oligo-d(T) primers. The cDNAs were inserted into the Pstl site of pBR322. Hybridization of transformed Escherichia coli colonies was performed using a unique-sequence oligonucleotide probe whose sequence (41 mer; AATATAGA-AGTTTGCTATGAATGGTTGTATTCAAATTGGTAC) was deduced from the amino acid sequence (amino acid residues 760 to 772) of the potato phosphorylase (Nakano and Fukui, 1986) , using the criteria of Jaye et al. (1983) . Hybridization and washing conditions were conducted according to Wood et al. (1985) . A 2.3-kb cDNA clone (pSTP3) corresponding to approximately twothirds of the phosphorylase mRNA and containing the poly(A) tail was obtained. The 5'-most region of this clone was sequenced (Maxam and Gilbert, 1980 ) and a 19-base synthetic oligonucleotide (TGTGTAGGCCACAGTTCTT) was used as a primer to prepare a new cDNA bank. Two cDNA clones containing the 5' end of phosphorylase mRNA were isolated and sequenced as described above. bated in TBS/ovalbumin alone prior to labeling with the second anti bod y .
